Abstract-We propose a symbol synchronization scheme based on Gold sequences modulated on a single pilot subcarrier for the OFDMA-PON.
INTRODUCTION
With rapidly increasing demands for bandwidth-hungry services in multi-user access networks, orthogonal frequency division multiplexing access (OFDMA) passive optical networks (PONs) have attracted extensive research attention [1, 2] . The synchronization among uplink signals is considered as one of the main challenges in OFDMA-PON system. Various uplink transmission schemes have been proposed recently. One of the methods is to process each uplink as parallel independent OFDM signals [3, 4] . However, the above asynchronous approaches inevitably require a high implementation complexity to the OLT, especially with the increasing number of ONUs. The synchronous methods have been proposed in [5] [6] [7] [8] . To date, the feedback of synchronization result is done off-line in most researches [3] [4] [5] [6] [7] [8] , and the real-time timing adjustment has not yet been considered.
In this paper, a multi-user symbol synchronization scheme based on single carrier modulated Gold sequences for the intensity modulation direct detection (IMDD) OFDMA-PON is demonstrated and the performance of the scheme is experimentally investigated. The experimental results show that, timing offset can be adjust within cyclic prefix (CP) at received optical power as low as -21dBm on the condition of SFO range from 0ppm to 70ppm among ONUs after 25km standard single mode fiber (SSMF) transmission, and the BER can be lower than 4 1 10 − × at -15dBm. Precise synchronization can be realized on a low-complexity implementation.
II. PRINCIPLE Fig.1 shows the architecture and the operation principle of symbol synchronization technique in OFDMA-PON upstream scheme. There are two types of subcarrier: ranging subcarrier (RSC) and data subcarrier (DSC). RSC is used for synchronization and DSC is used for carrying user data. We assume that some users (such as ONU1 and ONU2) have already been synchronized to the OLT. The signals from the ONUs are combined at optical coupler and processed within a common FFT-window without ICI and Inter-Symbol Interference (ISI) by OLT. The new accessing ONU (such as ONUx), whose timing parameters haven't been determined by OLT, needs transmitting a synchronization request which only includes a known Gold sequence modulated on RSC. The synchronization request only contains Gold sequences modulated on RSC and there is no data carried on DSC. The timing delay can be calculated at OLT. Then the upstream transmission parameters of that ONU can then be obtained from downstream control frames. After obtaining the delay parameters, ONUx can adjust its transmission delay. User data modulated on DSC will be transmitted after such initial synchronization period while no ranging data on RSC. Gold sequence is random-like but in fact containing deterministic component with ideal auto-correlation property and constant cross-correlation property [9] . And it is widely used for synchronization purpose in wireless communications and for scrambling in multi-user asynchronous CDMA systems [10] . Hence, it is also possible to exploit Gold sequence in OFDMA-PON for synchronization purpose.
There are also good correlation properties when the Gold sequences modulated on a subcarrier. Fig. 2(a) shows the autocorrelation when the Gold sequences modulated on 2nd subcarrier without DSC modulation while Fig. 2(b) shows the auto-correlation with DSC modulation by means of 64-points FFT (1st subcarrier is DC). DSC modulation has little effect on correlation performance deterioration. Fig. 2(c) shows the autocorrelation on 5th subcarrier without DSC modulation. Compared with Fig. 2(a) , the correlation performance becomes worse under the condition of increasing frequency of subcarrier. The reason is that the maximum value is not obviously to local extremum around, so it's difficult to identify and separate different users over a nonlinear channel when Gold sequences are modulated on high-frequency subcarrier. 2nd subcarrier is the lowest one hence it is appropriate for ranging purpose usage. The power-loading can be adopted on the RSC according to the channel condition in order to improve the performance of ranging. III. EXPERIMENTAL SETUP AND RESULTS Fig.3 depicts the real-time IMDD OFDMA-PON setup. OFDM signals are generated off-line and transmitted from each ONU. A pseudo-random bit sequence (PRBS) is generated as user data firstly, and fed to the 16-level quadrature amplitude modulation (16QAM) encoder, which maps each 4 bit into a complex data. In order to get real-valued OFDM signals, Hermitian symmetry is used in 64-IFFT. Hence, the number of data-bearing subcarrier is half. Note that the 1st subcarrier is DC and the 32th subcarrier is Nyquist frequency, so they are not used in our experiment. After the floating-point 64-IFFT, 16 samples CP are added to form an 80 samples OFDM symbol. Then 12-bit quantization is applied before the generated OFDM signal is loaded into the internal ROM of a Virtex-7 XC7VX485T FPGA. Fig. 3(ab) shows that, for fully taking advantage of the channel frequency diversity, interleaved carrier assignment scheme is adopting. User 1, 2 occupy even-number subcarriers and odd-number subcarriers from 4th to 17th respectively and each ONU transmits 1.37 Gb/s OFDM data. The 2nd subcarrier is used as RSC, and Gold sequence mapping as BPSK is modulated on the RSC and is located at the head of OFDM frame. Fig. 3(e) shows the OFDM frame structure that, in each of 100 OFDM data symbols, front 16 symbols contain Gold sequences, the remaining data symbols are not. Two training sequences are inserted in the front of OFDM frame for channel estimation and equalization. Moreover, there is a parameter adjust module in the ONU1 to control the transmit delay of user data. The delay parameter is obtained from the downstream sent by OLT.
The digital OFDM signal in the ROM is loaded into a 12-bit DAC with 4GS/s sampling rate. Then the analog waveform after passing through an electrical low-pass filter (LPF) with 1-dB bandwidth of 1.7GHz is set to 2V peak-to-peak voltage using a variable electrical attenuator (VEA) and a fixed 13 dB amplifier (AMP). The baseband electrical OFDM signals of ONU1 and ONU2 are converted to the optical signals with two 1549.72nm and 1549.83nm distributed feedback laser (DFB) respectively as shown in Fig. 3(d) . After the variable optical attenuator (VOA), the two uplinks which have the same launch power at 5dBm are combined into 25km SSMF by 3dB optical coupler. The clock of ONU1 DAC can be precisely adjusted in the resolution of 1ppm. And the SFO between ONU2 and OLT is small enough to omit the ISI and ICI impact. Timing offset will be introduced due to SFO between ONU1 and ONU2, and consequently it should be corrected if the offset exceeds the range of CP.
On the OLT side, before converting the optical signal into the electronic domain by a 3GHz PIN, a VOA is used to adjust the received optical power. After the VEA, AMP and LPF, electrical OFDM signal is set to fully satisfy the entire amplitude dynamic range of a 4 GS/s@10-bit ADC. From Fig.  3(c) , it can be seen that there is about 8 dB power fading in the high frequency subcarrier due to the sinc effect of ADC&DAC and the nonideal frequency response of the analog device. The transmit timing window of each ONU's user OFDM signal is regulated under the help of feedback information. The feedback link is in the electrical back-to-back (eBTB) configuration instead of OFDM downstream link, and a 125ms time-delay is added to emulate 25km downstream feedback (1m fiber is approximately 5ns delay).
An off-line DSP module is also used to evaluate the performance of proposed scheme, which consists of CP removal, 64-points FFT, channel estimation/equalization, SFO compensation [11] , demapping and calculation of BER.
To examine the performance of proposed method, the BER performances and constellations of upstream transmission for both ONUs under varied SFO after 25km SSMF transmission are depicted in Fig.4 and Fig.5 . It can be seen that the received optical powers to achieve the FEC limitation under 25km SSMF transmission are -18dBm for ONU1 and ONU2 at the SFO from 0ppm to 70ppm. System performances are almost independent of the SFO. 
IV. CONCLUSIONS
We have proposed an effective symbol synchronization method based on Gold sequences for upstream in OFDMA-PON. The synchronization performance has been experimentally demonstrated by a 1.37 Gb/s IMDD real-time FPGA system. The result suggests that the timing offset can be adjust correctly by using the real-time downstream feedback from OLT to ONU, and the tolerable SFO between two ONUs is from 0ppm to 70 ppm at least. A reception sensitivity of −18dBm can be achieved to reach FEC limitation over the 25km SSMF transmission for both ONUs.
